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Abstract. This contribution presents a brief summary of the recent past efforts to
experimentally explore the QCD phase diagram at high baryon chemical potentials through
heavy-ion collisions. A few measurements are highlighted to present the current status in the
search for a first-order phase transition, for a possible critical endpoint, and for evidence of
chiral symmetry restoration. Finally, the outlook for the ongoing beam energy scan II program
and future experiments at the FAIR complex are discussed.
1. Introduction
The Facility for Anti-proton and Ion Research (FAIR) is a pioneering new accelerator facility
that will provide access to the exotic types of matter present under extreme temperature and
density like those that may be found in compact stars, stellar explosions, and in the early
universe [1, 2]. In principle, one could learn everything about the various phases of nuclear
matter from the theory of Quantum Chromodynamics (QCD). However, in practice this is not
yet possible since direct QCD calculations are only viable for special cases. Specifically, lattice
QCD calculations, which are applicable for large temperatures (T ) and for low baryon chemical
potentials (µB), have indicated that hadronic matter transitions (through an analytic cross-over
transition) into a deconfined phase of strongly interacting quarks and gluons above a critical
temperature (TC ≈ 150 MeV/c) [3, 4, 5]. However, many other fundamental questions about
QCD matter still remain that cannot currently be answered by direct theoretical calculations.
Therefore, experimental exploration of strongly interacting matter (so-called QCD Matter) is
necessary to address the structure of the QCD phase diagram at moderate temperatures and at
high baryon chemical potentials (See Fig. 1 for a schematic of the QCD phase diagram and the
many possible phases of QCD matter).
One of the early success of the Relativistic Heavy Ion Collider (RHIC) was the creation
of a dense, strongly interacting fluid of deconfined quarks and gluons, now called a quark-
gluon plasma (QGP) [7, 8, 9, 10]. Since that time considerable effort has been invested to
characterize the QGP using high-energy heavy-ion collisions at RHIC and the Large Hadron
Collider (LHC) [11, 12, 13, 14, 15, 16, 17, 18]. At the nominal collision energies of the RHIC
and the LHC (
√
sNN = 200 GeV and
√
sNN = 2.76 TeV), heavy-ion collisions produce a
transient state of matter with µB ≈ 0 that rapidly cools and expands, following a path through
the QCD phase diagram similar to the path that the early Universe may have followed [19]. The
impact parameter (b) and collision energy of heavy-ion collisions can be tuned to produce QCD
matter that follows various trajectories through the phase diagram [20]. Higher values of µB
can be accessed by colliding heavy-ions at lower collision energies (compared to nominal RHIC
and LHC collision energies).
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Figure 1. Conjectured QCD phase diagram with boundaries that define various
states of QCD matter based on S B patterns.
The chiral transition is a notion independent of the deconfinement transition. In
section 3.2 we classify the chiral transition according to the S B pattern.
2.2. Conjectured QCD phase diagram
Figure 1 summarizes our state-of-the-art understanding on the phase structure of QCD
matter including conjectures which are not fully established. At present, relatively firm
statements can be made only in limited cases – phase structure at finite T with small
baryon density (µB ⌧ T ) and that at asymptotically high density (µB   ⇤QCD).
Below we will take a closer look at figure 1 from a smaller to larger value of µB in
order.
Hadron-quark phase transition at µB = 0: The QCD phase transition at finite
temperature with zero chemical potential has been studied extensively in the numerical
simulation on the lattice. Results depend on the number of colours and flavours as
expected from the analysis of e↵ective theories on the basis of the renormalization
group together with the universality [35, 36]. A first-order deconfinement transition
for Nc = 3 and Nf = 0 has been established from the finite size scaling analysis
on the lattice [37], and the critical temperature is found to be Tc ' 270MeV. For
Nf > 0 light flavours it is appropriate to address more on the chiral phase transition.
Recent analyses on the basis of the staggered fermion and Wilson fermion indicate a
crossover from the hadronic phase to the quark-gluon plasma for realistic u, d and s
quark masses [38, 39]. The pseudo-critical temperature Tpc, which characterizes the
crossover location, is likely to be within the range 150MeV  200MeV as summarized
in section 4.2.
Even for the temperature above Tpc the system may be strongly correlated and
show non-perturbative phenomena such as the existence of hadronic modes or pre-
formed hadrons in the quark-gluon plasma at µB = 0 [28, 40] as well as at µB 6= 0
[41, 42, 43]. Similar phenomena can be seen in other strong coupling systems such as
Figure 1. A schematic of a possible QCD phase diagram showi g several of the possible
phases of QCD matter along with the phase boundaries separating them [6].
This contributio briefly discusses and summarizes some of the important measurements from
the r ent past program tha have expanded our understanding of the QCD phase diagram and
set the stage for future facilities like FAIR. The next sections discuss measurements related to
1) the search for a first-order phase transition between hadronic matter and a QGP at high
µB, 2) the search for a possible critical endpoint connecting the analytic cross-over transition
at µB ≈ 0 to the first-order phase transition (if it exists) at higher µB, and 3) the search for
evidence of chiral symmetry restoration at sufficiently high T and µB. Lastly, the prospects
for future measurements will be discussed with an emphasis on the ongoing RHIC beam energy
scan (BES) II as well as the condensed baryonic matter (CBM) experiment and other FAIR
programs.
2. Search for a First Order Phase Transition and Possible Critical Endpoint
Chiral effective models of QCD have suggested the possibility of a first order phase transition
between hadronic matter and a deconfined QGP at finite µB [6]. Such a first-order phase
transition is characterized by a spinodal region, i.e. a mechanically unstable coexistence region
corresponding to a softest point in the equation of state. The directed flow of protons at
mid-rapidity (dv1/dy|y=0), which is sensitive to the compressability of the system, is shown in
Fig. 2 for several different collision energies from
√
sNN =7.7 GeV to
√
sNN =200 GeV [21]. A
minimum in the dv1/dy|y=0 distribution for p−p¯ (net-protons) is visible at a√sNN ≈ 10−20GeV,
which may be indicative of a softest point in the equation of state [24], and therefore, may be
evidence of a first-order p ase transition. In addition to measurements of v1, other notable
measurements include quantum co relations (HBT), which can measure t e effective s ze and
shape of the emitting source. Pion HBT measurements show a change in the shape of the pion
emitting source, from prolate at low energies to oblate at high energies, viewed from beside the
beam, with the transition occurring near the same collision energy as the observed minimum in
v1 [25, 26, 27].
If a first order phase transition between hadronic and deconfined matter exists at finite µB,
then a critical endpoint should connect the smooth cross-over transition (at low µB) with the
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FIG. 4: Directed flow slope (dv1/dy) near mid-rapidity ver-
sus beam energy for intermediate-centrality Au+Au. Panels
(a), (b) and (c) report measurement for antiprotons, protons,
and net protons, respectively, along with UrQMD calculations
subject to the same cuts and fit conditions. Systematic un-
certainties are shown as shaded bars. Dashed curves are a
smooth fit to guide the eye.
mum, and for the double sign change in the case of net
protons. Further work towards a more complete theoret-
ical understanding of the present observations is needed.
To better understand the possible role and relevance of
stopping, measurements as a function of centrality would
be helpful, but available event samples are too small for
this purpose. We note that the observations in Fig. 4(b)
and (c) qualitatively resemble predicted signatures of a
first-order phase transition between hadronic and decon-
fined matter [5–8, 22, 24].
In summary, we report directed flow for charged pi-
ons, protons and antiprotons in
√
sNN = 7.7 - 200 GeV
Au+Au collisions in the STAR detector at RHIC. At in-
termediate centralities, dv1/dy near mid-rapidity for pi-
ons and antiprotons is negative at all measured energies,
while the proton slope changes sign from positive to neg-
ative between 7.7 and 11.5 GeV, shows a minimum be-
tween 11.5 and 19.6 GeV, and remains small but negative
up to 200 GeV. In the same centrality region, the net-
proton v1(y) slope also shows a minimum between 11.5
and 19.6 GeV, and changes sign twice between 7.7 and 39
GeV. These findings are qualitatively different from the
predictions of the UrQMD transport model, which ex-
hibits a monotonic trend in the range
√
sNN = 7.7− 200
GeV. The observed minimum for protons and net pro-
tons resembles the predicted “softest point collapse” of
flow and is a possible signature of a first-order phase tran-
sition between hadronic matter and a deconfined phase.
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Figure 2. The directed flow (v1)
at mid-rapidi y (y = 0) of anti-
protons (top), protons (middle), and
net-protons (bottom). The data
are shown in red points with the
UrQMD calculations shown in grey
bands [21]
Fig re 3. The κσ2 for ne protons
measured from event-by-event proton
and anti-prot n mul iplicities. The
STAR and HADES data points are
show for two collision centralities [22,
23]. The line at unity corresponds
to the expected baseline for fluctuation
according to Poisson statistics.
first order phase transition [28]. A critical endpoint is characterized by a divergence in the
correlation length of the system which is related to a divergence of susceptibilities. Ratios of
susceptibilities can be accessed experimentally t rough event-by-event fluctuations in conserved
quantities, such as the baryon number. Specifically, the product of the kurtosis and the sigma
squared (κσ2) of event-by-event net proton multiplicities (net-protons are a proxy to the baryon
numb r) as been prop s d as an observable sensitive to the critical ndpoint. Figure 3 shows
the κσ2 for net-protons measured by STAR for two differ nt centrality classes along with the
same type of measurement from HADES [23, 22]. The non-monotonic behavior visible in the
STAR 0-5% central data points (specifically the large rise in value near
√
sNN = 7.7 GeV) has
been interpreted as a ossible signature of the critical point [28]. However, such an interpretation
generally requires that the measured κσ2 returns to unity (the Poisson baseline) at lower collision
energie . Despite being at much lower
√
sNN , the HADES m asurement from 0-5% central data
has a value similar to the STAR data point at
√
sNN = 7.7 GeV. However, direct comparison of
the two measurements is not trivial since the kinematic acceptance of the two experiments are
quite different.
3. Search for Chiral Symmetry restoration
Theoretical predictions have indicated that the critical temperature for the transition from
hadronic matter (with chiral symmetry broken) to a phase of matter with chiral symmetry
restored may be roughly equal to the critical temperature for the deconfinement transition at low
µB [28]. At higher values of µB these two phase transitions may not coincide, making room for a
phase of matter with chiral symmetry restored but still confined, a so-called Quarkyonic form of
QCD matter. However, observing direct unambiguous evidence for chiral symmetry restoration
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previously been observed in Super Proton Synchrotron/CERN 
(European Centre for Particle Physics)18–20 and Relativistic Heavy-Ion 
Collider/Brookhaven National Laboratory21–23 experiments. With 
the high-precision μ+μ−  data taken by the NA60 Collaboration in 
In + In collisions20 it could be shown that thermal medium radia-
tion, with invariant masses below 1 GeV c–2, can be understood as 
radiation originating from strongly modified ρ-meson states formed 
and propagating in a hot hadronic environment. Such a strong 
modification had been conjectured before and explained as being 
due to the coupling of the ρ meson to baryons9,24–26. The good sta-
tistics of the NA60 data, even for invariant masses beyond the low-
mass vector-meson pole region (Mee > 1.2 GeV c–2), enabled us to 
extract an average source temperature of kT = 205 ± 12 MeV (ref. 14), 
pointing to a mostly partonic medium as the source of this radiation 
(compare Fig. 1).
Low-mass dilepton emission at beam energies around 1 GeV 
per nucleon in elementary and in light heavy-ion collision sys-
tems has so far been studied by the DLS27,28 and High Acceptance 
Dielectron Spectrometer (HADES)29–33 experiments. The common 
striking feature observed at these energies is an enhanced yield of 
e+e−  pairs above the contribution from η Dalitz decays and a strong 
isospin dependence in both η production and nucleon–nucleon 
(NN) bremsstrahlung29,30. Emission of e+e−  from the internal 
charged pion exchange line—contributing only in n + p colli-
sions—has been proposed to be responsible for the isospin effect29. 
In the following, we will call these contributions ‘conventional 
sources’. First indications for radiation beyond the conventional 
sources described above were found for the 48% most central 
Ar + KCl collisions with a mean number of participating nucleons 
〈Apart〉 = 38.5 (ref. 33).
The HADES experiment
The experiment was performed with HADES at GSI using a beam of 
accelerated Au ions impinging on a stack of Au foils. A photograph and 
a cross-sectional view of the set-up are exhibited in Supplementary 
Figs. 1 and 2, respectively. A description of the relevant components 
(mini drift chamber, ring-imaging Cherenkov (RICH), time of flight 
and resistive plate chamber) can be found in Methods.
Using the measured momenta of electrons and positrons 
forming correlated e+e−  pairs, various pair observables such as 
invariant mass, rapidity and transverse momentum were con-
structed and investigated. To obtain the signal-pair yield, the con-
tribution of uncorrelated pairs was subtracted from the spectra 
of total pair yield. The signal spectrum was furthermore cor-
rected for detector inefficiencies. Details of the analysis procedures 
are explained in Methods.
The resulting invariant-mass distribution of signal dielectrons, 
derived for the 40% most central Au + Au collisions, is shown in 
Fig. 2. The precision of the measurement is demonstrated by 
quoting the 1σ statistical uncertainty (s.d.) and our estimator for 
the systematic uncertainty (see Methods for details). The signal 
yield is normalized to the number of produced neutral pions to 
remove a trivial system-size dependence of the signal-pair yield. 
The pion multiplicities are found to scale linearly with 〈Apart〉. For 
the centrality class presented here 〈Apart〉 amounts to 173. At low 
invariant masses a contribution from three-body π0 Dalitz decays 
is visible. Above Mee ≃  0.15 GeV c–2, the spectrum drops nearly 
exponentially over almost four orders of magnitude until it runs 
out of statistics around 1 GeV c–2. Also shown are the expected 
yields attributed to mesons (π0, η, ω, ρ0, ϕ) decaying after they 
have decoupled from the fireball. Although dileptons radiated 
from this stage are not considered part of the thermal emission 
from the fireball, they still contribute to the total reconstructed 
signal-pair yield. Likewise, non-equilibrium contributions from 
baryonic sources (NN bremsstrahlung, Δ Dalitz decay), which 
contribute significantly at SIS18 energies33, are also accounted for. 
This yield is approximated by the NN reference spectrum (open 
dark-blue squares) derived from measured p + p and n + p data29 as
dNNNref
dMee
¼ 0:54 dN
pp
dMee
þ 0:46 dN
np
dMee
! "
hAparti ð2Þ
with prefactors reflecting the isospin composition of the Au + Au 
collision system. Note that the η contribution has already been 
removed from the NN reference, since this contribution is taken 
care of by the mesonic cocktail. While the Au + Au signal-pair yield 
and NN reference agree in the π0 Dalitz region (Mee < 0.15 GeV c–2) 
as expected, they differ strikingly for masses Mee > 0.15 GeV c–2. 
In this region, the yield from Au + Au collisions exceeds the 
NN reference and mesonic cocktail substantially, clearly indi-
cating the presence of excess radiation originating from the dense 
hadronic medium.
Excess radiation
To isolate this excess radiation we first subtract the contributions 
from conventional sources (compare equation (2) and Fig. 2). We 
further apply a mass-dependent acceptance correction factor in 
analogy to the efficiency correction explained in Methods. The 
resulting dilepton excess radiation is presented in Fig. 3. It exhibits 
a near-exponential fall-off. A fit of dN/dMee ∝  (Mee)3/2 exp(−Mee/T) 
(black-body spectral distribution) to the data gives a satisfac-
tory overall description of the distribution and yields an inverse 
slope parameter of kT = 71.8 ± 2.1 MeV (reduced chi-square 
χ2/ndf = 13.2/17). This fit is justified because Im Πem/M2 is constant 
Mee (GeV c –2)
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Fig. 2 | Reconstructed e+e− mass distribution from Au!+!Au collisions. 
Signal-pair invariant-mass distributions obtained from two different 
analysis strategies explained in the Methods: back tracking and ring-
finder. The data are efficiency corrected and normalized to the number 
of neutral pions produced. Statistical (s.d.) and systematic uncertainties 
of the measurements are shown as vertical bars and boxes, respectively. 
The systematic uncertainties include uncertainties from subtraction of 
the CB, efficiency corrections, normalization to the number of π0 and 
uncertainties of the cocktail components. Curves represent the π0, η and 
ω Dalitz components, as well as ω and ϕ direct decays after decoupling 
from the fireball. Blue open squares show the NN reference spectrum. 
The sum of the two is the conventional sources contributing to the total 
signal yield.
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Figure 4. The invariant-mass distri-
butions of sign l e+e− pairs obt ined
from two different an lysis str tegies
(See [29]) measured by the HADES
collaboration in Au+Au collisions at√
sNN =2.42 GeV.
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Fig. 2. Interaction rates achieved by existing and
planned heavy-ion experiments as a function of
center-of-mass energy. Red symbols show col-
lider mode, black and grey symbols show fixed-
target mode. Solid curve show running facili-
ties/experiments [22, 23, 24, 25], long-dashed – ap-
proved [26, 27, 28, 29], short-dashed – in a conceptual
design [30, 31, 32].
accelerators, SIS100 and SIS300. The space for this second accelerator is already foreseen in the ring
tunnel building [20]. Addition of a higher rigidity synchrotron (500 Tm) would greatly enhance the physics
potential of CBM experiment and would also enhance parallel operation.
The Compressed Baryonic Matter (CBM) experiment is a fixed-target multi-purpose detector, designed to
identify hadrons, electrons and muons in elementary and heavy-ion collisions over the full FAIR beam
energy range [21]. Variation of e.g. z-position of the sub-systems and the magnetic rigidity of the dipole
field enable mid-rapidity coverage for relevant observables down to
√
sNN = 3 GeV. The measurements will
be performed at event rates of 100 kHz up to 10 MHz. To accomplish this ambitious goal, the complex
interplay of the detector systems with their free-streaming read-out electronics and the fast online event
reconstruction and selection under realistic experiment conditions at interaction rates of 10 MHz has to be
commissioned and tested. The demonstrator (mini-CBM [33]) for the full CBM data taking and analysis
chain is currently being installed at SIS18. Furthermore, important tests of newly developed CBM detector
components and data analysis tools will be realized in running experiments (HADES [34], STAR [35],
BM@N, NA61/SHINE). These are also known as FAIR Phase-0 activities, marking the beginning of the
FAIR era. Installation and commissioning of the CBM at SIS100 without beam is planned during 2021 −
2024. Production beam is anticipated for 2025.
The High Acceptance Di-Electron Spectrometer (HADES) [36] is installed at GSI Darmstadt and provides
high-quality data to establish a thorough understanding of the dielectron and strangeness production in
elementary and heavy-ion collisions at the SIS18 energy range. Further experiments on baryon rich matter
will be realized at SIS18 during FAIR Phase-0. To enhance the performance of the spectrometer, an upgrade
program has been conducted. In cooperation with CBM, the multi-anode PMT-based RICHUV-detector was
installed and will provide substantially improved e± detection efficiency. An electromagnetic calorimeter
was added and will enable photon measurements, as well as improving the e± identification. The 2018−202x
experiment campaign [34] will start with medium-heavy collision system at the maximum energy of SIS18
(Ag+Ag at
√
sNN = 2.6 GeV) and pion induced reactions (π−+N/A at various pion beammomenta). HADES
can serve as ideal spectrometer to provide an important reference measurements (p+p and p+A) at SIS100.
2.2. BM@N and MPD at NICA
The Nuclotron-based Ion Collider fAcility (NICA) is now under construction at JINR (Dubna, Ru-
ssia) [37]. NICA comprises an injector complex, superconducting synchrotrons (Booster and Nuclotron)
and a Collider composed of two superconducting rings with two beam intersection points for heavy-ions
and spin physics. The new heavy-ion injector Linac is in operation since 2016. The assembling of Booster
synchrotron started in 2018. Ions accelerated in the Booster are extracted and transported to the Nuclotron
in a superconducting beam transport system. The Nuclotron is in operation since 1993 and has been recently
upgraded. Beams from the Nuclotron are extracted to a fixed-target station or injected and post-accelerated
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Figure 5. The interaction rate versus center-
of-mass collision energy of current and future
facilities. Red points show collider mode
experiments while black points show fixed-target
experiments [30].
is far from trivial. One proposed method is to observe the “melting” of the ρ0 meson spectral
distribution through measurements of lepton pairs [31]. Recently the HADES collaboration
has conducted precision measurements of the dielectron spectrum in Au+Au collisions at√
sNN = 2.42 GeV (see F g. 4) which are useful for constraining the ρ
0 meson spectr l function
and for pri tine measurement of th temperature of the produced fireball [29, 32]. However, an
unambiguous observation of chiral symmetry restoration via dileptons requires, in addition to
the ρ0 meson, measurement of its chiral partner, the a1. Since the a1 cannot be easily observed
directly, the mixing between the vector and axial-vector may provide an alternative route for
directly observing chiral symmetry restoration. Though, current experiments are not capable of
reaching th sta istical and experimental accuracy needed for such a measureme t.
4. Looking Forward
While progress has been made, definitive quantitative answers about the structure of the QCD
phase diagram at high µB have proven elusive. In m ny cas s marginal statist cs limits the
accuracy of existing measurements and their corresponding ability to constrain the possible
physics at play. For this reason, collecting significantly higher statistics is an essential part of
any next generation experiment that hopes to provide clarification about the open questions that
still remain about the QCD phase diagram. The ongoing RHIC beam energy scan II program
is precisely aimed at this goal, of re-measuring the range of energies covered in the BES I, but
with higher statistics and with a significantly upgraded STAR detector. The BES II pr gram
will also feature a STAR fixed target program that extends the energy reach of the nergy scan
down to
√
sNN ≈ 2.5 GeV, allowing a larger search region to be covered.
Unlike the modest improvement in statistics of the BES II program compared to the BES I
program, the fixed target experiments being planned for the FAIR complex (SIS100 CBM) are
designed for an interaction rate that is orders of magnitude larger than the current programs (See
Fig. 5) [30]. Such a large increase in interaction rate will help bring several currently impractical
measurements within reach, specifically the statistics hungry dilepton measurements. The FAIR
facility and the CBM experiment represent an enormous opportunity for exploration of the QCD
phase diagram through high statistics measurement of heavy-ion collisions.
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